where g denotes the unit vector in the direction of gravity and
The relative position of the j-th individual in the i-th individual coordinate system can be expressed as follows:
The time derivatives of the relative position can be expressed as follows:
where
are included in the horizontal plane, the time derivatives of the relative position can be expressed as follows:
(S1.10)
Note that we can start from the moving coordinates based on the Frenet-Serret frame. In this case, the binormal vector is almost perpendicular to the horizontal plane and the torsion is close to zero for the pigeons' typical orbits. Furthermore, ξ ij and η ij are the tangential and the normal directional components of the relative vector.
